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Summary - Exogenous administration of arachidonic acid, prostaglandins PGFx, PGD, and PGE,
increased potassivm-stimulated uptake of caleium in rat brain synaptosomes from the brain of the rat,
but had no eflect on the basal uptake of calcium. Arachidonic acid-induced uptake of calcium was
mediated by it prostaglandin metabolites, because a eylooxvgenase inhibitor, indomethacin, inhibited the
response. 1-Type caleium channe! blockers, such as verapamil, diltiazem and nimodipine, blocked both
KO- and prostaglandin-enhanced potassium-stimulated influx of calcium in the brain. These results
stiggest that prostaglandins act as a calcium ionophore, through L-type voltage-sensitive calcium channels.
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The formation of  prostaglandins,  prostacyclin,
thromboxanes or leukotrienes in different cells re-
guire arachidonic acid, o naturally occurring c¢is-
polvunsaturated fatty acid that is found primarily
esterifiecd o membrane lipids in mammalian cells
(Ssumuckson, 1981 The release of arachidonic acid
from hiptds may be an carly step in the mechanism of
action of some secretagogues (Sumuelson, 1981,
Prostaglandins are synthesized in response to various
stimuli and are known to modulate numerous physio-
logical tunctions. including central ones (Chiu and
Richardson, 1985, Oliw, Granstrom and Anggard,
1983, Prostaglandims have been demonstrated to be
involved in thermoregutation (Milton and Wend-
landt, 1970; Ueno. Narumiya, Ogorochi, Nakayama,
Ishikawa and Hayaishi, 1982), induction of sleep
(Ueno, Ishikawa, Nakavama and Havaishi, 1982;
Ueno, Honda, Inoue and Hayaishi, 1983 Ueno,
Osama, Urade and  Hayaishi, 1985), nociception
(Horiguehi, Ueno, Hyodo and  Havaishi,  1986;
Ohkubo. Shibata, Takahashi and Inoki. 1983).
anticonvulsive effects (Forestman, Heldt, Knappen
and Hertting, 1982), releuse of ncurotransmitters
{Higashida, Nakagawa and Miki, 1984: McGee,
Simpson, Christain, Mata, Nelson and Nirenberg,
1978 and other actions (Wolfe, 1982; Wolfe and
Coceani, 1979, In addition, prostaglandins clevate
levels of 3'.5"-cyclic adenosine monophosphate cyclic
{cAMP) and cyclic guanosine 3.5-monophosphate
{tGMP) in ncural tissue (Gilman and Nirenberg,
1971 Hamprecht and Schuliz, 1973).

Calcium is important in a variety ul’ functions, in
both the central neevous system and in peripheral
tissues. In neural tissue, the influx of calcium into
presynaptic nerve endings initiates events leading to

release of necurotransmitter and in heart and in
smooth muscle, calcium couples excitation to con-
traction. The cntry of calcium into thesc tissues
appears to be mediated by voltage-sensitive calcium
channels (Hagiwara and Byerly, 1981). Several classes
of compounds have been shown 1o interact with these
channels. The most important class has been the
dihydropyridine calcium antagonists, such as nitren-
dipine and nimodipine. D.uags from other chemical
classes, such as verapamil and diltiazem, also act as
calcium antagonists (Schwartz, 1982).

Because arachidonic acid andjor its metabolites
may be intracellular effectors of calcium-mediated
secretion, the effect of exogenous administration of
arachidonic acid and prostaglendins on basal and
potassium-stimulated influx of calcium into synapto-
somes was studied. In addition, the effect of calcium
channel blockers on the uptake of calcium was
studied.

METHODS

Materials

Arachidonic acid, prostaglandins PGFyx, PGE,
and PGD,, verapamil hydrochloride, diltiazem
hydrochloride and indomethacin were purchased
from Sigma (St Louis, Missouri) and were dissolved
in ethanol. Nimodipine was a gift from Miles Labora-
tories Inc. (New Haven, Connccticut) and was dis-
solved in dimecthyl sulphoxide (DMSO), Because
nimodiping is scnsitive to light, experiments were
donc using amber-colored test tubes. The *CaCl,y was
purchased from New England Nuclear,
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Preparation of tissue and uptuke of calciim

Muale Sprague Dawley rats. weighing 200 -300 g
{Charles River Breeding Laborutories. Kingston,
New York) were used in these experiments. The
STUL o) apivedioud (F1) Tation wds prepared oy d
modification of the methad of Gray and Whittaker,
1962, The final pellet was resuspended in ice-cold
incubation medium (NaCl 136 mM; KCl. 5 mM;
CaCl, 02 mM: MgClo 1.3 mM: ghacose. 10 mM:
Tris base 20mM: pH adjusted to 7.65 with 1.0M
maleic acid). to provide a concentration range of
approximately 4 6 mg protein mi.

For the determination of the uptake of calcium,
04N ml of the synaptosomal preparation was pipetted
mte test tubes and incubated for approximately
14 nun at 30 Cina Dubnotf metabolic shaker., in the
prosence or absence of various concentrations of
drugs. as desenbed Liter. The drugs were added in a
20-41 volume to muke final meubation volume of
0.3ml For control sazaples. 20 b of incubation
medium, with vanous concentrittons of cthune!
DMSO. were added. For these expertments, 0.5 ml of
depolunizing or nondepolarizing solution. containing
TCa T (3 pCnowas added for 3see. The uptake of
T7 ie seeroitawd Oy ue prompt addition of
Sl oor un we-cold EGTA stopping solution (NaClL
fiomM: KO SmM: MgCl. 1.3mM: EGTA
fethylenc-ghycol-bis-rheta-amino-ethyl ether) V.V
tetraacetiv aerd). 3mML glucose. hmM: Tris base.
20mM: pH adjusted to 765 with 1.0 M malewc acid).
The composition of the depolarizing solutton was the
same an that of the incubation medium, exeept that
a porton of the NuClwas Losmctically replaced by
KCL 1o provide o tfinal concentration of KCl of
A3 mM The nondepolarizing solution had the same
composition s the incubation medium. except for
the presence of V'Cas 7 Depolanzing and nondepolar-
iang solutons, added 1o drug-exposed  synapto-
s contamed the same concentrations of
drug, o maintan the designated molar relation-
ships. Fach sample was immediatels filtered under
vacaum through o Whatman GF B filter. presoaked
with nondepotanizing solution, Each tilter was then
washed with two S-mi ahguots ot ice-cold incubation
medium and placed 1w o seintllaton vial. Radio-
activits was determined by Bgud sanullation

SOMCS,

spectrometry

Fo caleulate the net uptake of ©Cas 7 anto synapto-
somes  the uptake in the ahsenes of depelanization
13 mM KCh was subtracted trom the uptake in the
presence of depolarization (65 mM KC1). This value
15 referred to as R (potassium-mduced  change)
and represents net KCl-iduced uptake of calcium
(Blaustemn and Fetor, 1975 Leshe, Friedman, Wilcox
and Elrod. 1980). Each control and drug experiment
was performed using matched synaptosomal prep-
arations from the same batch. The content of protein
was determmed by ke method of Lowry. Rose-
brough. Farr and Biaustein, 1951), using bovine

serum albumin as the standard. Al duta are ex-
pressed as the mean + SEM of triplicaie determs-
nations. Values for the effect of indomethacin or
calcium channel antagonists on the enhancement by
aracindonic acid, PGF,z. PGD; or PGE. of the
potassium-stimulated uptake of calcium were repre-
sented as a percentage of control. i.e. responses to
arachidonic acid. PGF.2. PGD. or PGE. in the
absence of indomethacin or calctum channel antag-
onists. Statistical analyses were perforined  using
analysis of variance (ANOVA) (RS1: BBN Softw 11¢
Products Corp.. Cambridge. MA). for identifvin, the
main effects. along with subsequent post foc 1ests.
when appropniate. Data were wdentified as sigmificent
it P <0.05

RESULAS

Prostaglandin PGF.x (10 nM 10 M) und arachi-
donme acid. PGD, und PGE, (130 uM cachj in-
cased the entry of potassium-stimulated influx of
caleium (Frg. 1) but had no etfect on the basal uptake
of calcium (data not Arachidenic
2 pNVO-induced upane o1 catvium was mhibited by
indomethacin (1 10 M) (Fig. 2). a cyclooxygenase
inhibitor. suggesung that arachidonic aad acted
through the formation of prostaglandins. However.
indomethacin had no inhibitory effect on  the
enhancement by PGFE.x. PGE, aND PGD. of the
K Cl-stimulated influx of calcium (data not shown).
Preincubation of the svnaptosomes with the voltage-
sensitive  channel blockers  verapamil (3 30 M),
mmodipine (1-10 M) or diltiazem (30 300 ™M),
inhibited the potassium-PGF.x- or PGD.- and PGE..-
enhanced potassium-stimulated influx of calcium
(Table 1).

shown). acrd

c 4'6[ %'__-5
2 , i—
e 42} .
a £
(=3 3
£ 38r
~
°
E 34f
c
o
30
8 3or
<
S5 26
@
x
o 2:2fF
[~N
3
% 18
z i . 1 1 y

1
Q 10 100 1uM 10uM 30uM

nM nM
Concentration ot Drugs

Fig. I. Effect of arachidomc aad (Th. PGF.x (O). PGD;
(7) or PGE. (/) on potassium-sumulated uptake of cal-
ctum in synaptosomes from the brain of the rat. Points and
bars represent mean + SEM values from three separate
experiments, cach using triphicate samples
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60 -

45Ca (% control)

50 -

40 -

Uptake of

v O 1uM 3uM 10uM

Concentration of Indomethacin

big Friect of indomethaain (M) on arachidonic aad
(3 uMVhanduced  potassium-sumutated uptake of calcium
e osynaptesomes trom the bram of the rat Values are
mean - SEN of 3 separate expennments. cach using tnipli-
ate samples, represented  us a pereentage of control
tne response. in the absence of indomethacn. Net uptake
of calctum ovohed by 3 p N arachifome
28 s 003 amol mg protein

aad  vas

DISCUSSION

Synaptosomes provide o useful system tor the
study of the brochemicad mechamsms that mediate
stimuliaten s comstion coupleee inoneurons. The up-
Lahe of PCa-
on

INte synaptosomes was comparable
nmot My basis o reparts (lLeshe
MceCornuek and Gonzades, 19820 Lesle, Barr and
1983 Potasstum-induced depolanization
of ssnaptosortes from the bram of the rat stimulates
cndogeneus phospholipase A whichoin turn, releases
arachidonic aad from the phosphoipids (Bradford.

an other

Chandler.

[ abde !

§2
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Marinetti and Abood. 1953). The released arachi-
donic acid may then be metabolized by hpovs genase
or cyclooxygenase to form leukotrienes. hydroxy-
eicosatetraenote acids or prostaglandins (Samuelson.
19%1).

[t 1s possible that some metabolites of arachidomic
acid  (lipoxygenase products) act as intracellular
second messengers for presynaptic inhibivon, while
others (cyclooxygenase products) act as Hrst messen-
gers on the postsynaptic cell for stimulation (Piomell.
Shapiro. Feinmark and Schwartz, 19574)

Pharmacologicai experiments. performed on the
idenuified Aplysia wterneuron L10 (Shapiro. Piomell
and Schwartz. 1987) and on Aplysia sensory cells

(Piomel er al.. 1987a; Piomelli. Volterra. Dule.
Siegelbuum.  Kandel.  Schwartz and  Belardetu.
1987b). have demonstrated the involvement of

lipoxygenase products of arachidonic acid in pre-
sviaptic inhibition. In both tvpes of cells. the re-
sponses to inhibitory  transmutlers were mimicked
when arachidonie acid was applied (Promell er of..
1987a). Likewise, cvelooxygenase products of arachi-
donic acid are first messengers on the postsynaptic
cell for sumulation (Piomelh ¢i «f.. 19871 and have
been amplicated as the biologically active factorts),
because cvelooxygenase inhibitors were shown to
inhibit stimulated secretion, while the cxogenous
administration of one of several metabolites of evelo-
oxygenase was shown to reproduce the biological
response (Whithing and Barritt, 1982, However,
mzny have provided evidence in support of the idea
that arachidonic aad itself may be biologically active

(Kolesnick. Musacchio. Thaw and  Gershengorn.
1984).
Because arachidonic aad and ity metabolites

have been shown to affect caleium homeostasis in
several types of cell (Barritt. 1981 1t 18 possble
that secretion. stiimulated by arachidomie acd or s

Etlect ot calcum untagenists on the enhancement by PGE 2 PGD, or PGLE. ot the

petessaie Chiondessumulated aptake of calarum or potassium chlonde-sumulated uptake of
calaium i synaptosoies from the bram of the rat

Conventiagdan of

Cancentration ot prostaglandins und K1

caliium antagonists inonM PGEax 3aM PGD. YuaM PGE aimM KOt
Nerapanui
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Vidues are mean -

SEM of three separate expeniments, cach using

tniplicate samples, repre-

sentted asa percentage of control (PGEx PGD.. PGE, or KCI response in the ubsence

of caldnim aitagonists Net uptake of Grlcium by 100 aM PGE x was 27

« 003 nmol mg.

Tup PGD w27 - oS ol my 3 p M PGE was 26 - 003 amol mg and 65 mM- K

wis 19 - odamol my proten

*Sunfivanth differeni trom control (PGE 0 PG PGE. or KO value, watheut caleum

antagonsts oo 0ns
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metabolizc,, s mediated by calcium. [nhibition of
arachidonic acid-induced influx of caleium by indo-
methicin in this study demonstrated that arachidonic
acid acts through its cyclooxygenase metabolites,
prostaglandins, in stimulating the influx of calcium,
supporting the results of most previous studies. The
fatlure of indomethacin to inhibit prostaglandin-
induced influx of calcium suggests that it interferes
only with the synthesis of prostaglandins.

The prostaglandins PGF.x, PGE, and PGD, are
the major ones produced (Abdel-Halim, Hamberg,
Syoguist and Anggard. 1977 Miwa, Sugino. Ueno
and Havuishi, 19880 Nuarumiya, Orgorochi. Nakao
and Havaisin, 19820 Sun. Chapman and McGuire,
1977y tn the ONS and their possible functions in the
ONS have been reviewed (Wolfeo 1982 Wolfe and
Coceani. 1979) However. it s not known whether
nrostaglandms i the brain aie involved in intracellu-
fuar catcium homeostasis. In this study. PGF.2, PGD.
and PGE - did not enhance the basal influx of calcium,
which contradiets the results in neuroblastoma of the
wouse and glioma hvbrid NG1O%-15 cells in the rat
where prostaglandins also induce the influx of cal-
aam Miwa e w0 1988 However, an the present
studs. these prostaglanding only enhanced the pot-
wsstunt-sumu'ated influx of calcium indicating that
poostaglandim. cannot act direetly to promote the
mituy of calaiwm. At the present time, 1t cannot be
cxplamed why prostaglandins have no etfect on the
hasal Jesels of uptake off caleuns, howeser, some
cost that oy due o the inlibinon evoked by

saeved drachidomie aad. by depolarization
i azaresacs, Few Sanand Sun. 1953; Piomell ez ..
PN

Athough the caacm channel antagonists nimodi-
nne. verapaim! and diftiezem represent a chemically
fcterogencous group of agents (Schwartz, 19823, they
0 through o commen locus: the voltage-sensitive
calaram channel Several tvpes of calaium channels
st and e be disungaish both physiotogicaily
and pharmacoiowcally . The caleium channel blockers
avert thur actions i the 1-Cluss of channel. which
o characternized v large conductances, of long
duration Radioligand binding and chemical studies
nuve demonstrated that mmodipine. verapamil and
Jiltiazem micract at diserete sites. assoctated with @
mugior protemn of the calctum channel (Triggle and
Lo, TOSS Troggle and Jams, 19873 This protem. the
A1 sabumic with o molecular weght of 170193
Kdaltons, s one of several components of the -type
calaum channel (Canterall, 198K)

Catcrum channed blockers, used n this study.
plocked the potassium-stimulataed influx of calcium
and the prostaglandim-enhanced.  potissium-stimu-
fated imttux of calaum, suggesting that, in the brain,
prostaglandins and potasstum may activate 1-type
voltagessensitive caleium channels. These results sup-
port the findimg that mcardipine. another dihydro-
pyendine caloum channel blocker. suppressed the
uptake of calcrum induced by PGF.x (Koyama.

and WA Huxst

Kitavama. Dohi .nd Tsupmoto, 1988) o primary
culture of bovine adrenal chromathin cells

In summury. these results indicate that arachidonic
acid induces the uptake of calcium in the brain. an
effect that is mediated through the formation of
prostaglandins and that the potassium-stimulated
influx of calcium and prostaglandin-enhanced. pot-
assium-stimulated influx of calcium may he mediated
through the  t-type  voltage-sensiive  calcium
channels.
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